Inspired by the observation of the oblate deformation of planets, the first experimental study on rotating liquid drops was carried out by Plateau in 1843 [1] . Since then, the equilibrium shapes of spinning droplets [2] have been employed successfully to describe the structure and deformation of various systems ranging from atomic nuclei to astronomical objects [3] . The applicability of liquid drop models in a broad range of scientific areas has motivated, and is reflected by, extensive theoretical [4] [5] [6] and experimental [6] [7] [8] work and remains a subject of fundamental interest.
The equilibrium shape of a rotating drop from a classical liquid is generally determined by the subtle balance of surface tension and centrifugal force. At rest, only surface tension is present and in classical drops this leads to the formation of spheres. With increasing rotational frequency, the droplets' quest to realize the lowest-energy state leads to a shape evolution from an axisymmetric oblate to a triaxial prolate and a dumbbell-like two-lobed shape with the long principal axis being perpendicular to the rotational axis [9] . In contrast, superfluid droplets do not rotate in the classical hydrodynamic sense as a rigid body, since the viscosity is vanishing. Spinning of superfluid droplets is characterized by an irrotational flow and vortices accommodating angular momentum [10, 11] , with distinct implications for the droplets' equilibrium shapes [12] . A theoretical study comparing the shapes of superfluid droplets to those of classical droplets that was stimulated by our work has recently been published [13] . Because of the lack of systematic experimental characterization methods for nanoparticles in the gas phase exhibiting statistical shape and size variations, the implications of superfluidity on the droplets' morphology have remained elusive.
With the advent of intense short-wavelength femtosecond light pulses from free-electron laser (FEL) facilities, the structural characterization of unsupported nanoparticles has become possible by using single-shot coherent diffractive imaging [14] [15] [16] [17] [18] [19] [20] , including the possibility to investigate nanometer-sized superfluid helium droplets in free flight [21] [22] [23] [24] .
In a pioneering coherent diffractive imaging experiment at the Linac Coherent Light Source x-ray FEL, vortex arrays in rotating helium nanodroplets were made visible by doping with xenon [21] . The presence of vortices was proved and at the same time the droplets' shape projections were reconstructed from small-angle diffraction patterns. Only axisymmetric, oblate shapes were observed, with deformations up to a degree that would be unstable for classical droplets. This observation was ascribed to stability enhancement resulting from the presence of quantum vortices. It was further proposed that the transition from oblate to prolate shapes might be hindered for a superfluid droplet hosting a regular vortex array [12] .
On the other hand, in subsequent studies using scattering techniques [24, 25] , in addition to oblate shapes, prolate [25] and two-lobed [24] droplets could be identified by modeling of the observed scattering patterns. While in Ref. [24] the existence of classically unstable oblate shapes was further supported by a two-dimensional analysis of the power dependence of the diffraction intensity and the statistical occurrence of shape projections, scattering patterns with similar contours were interpreted in Ref. [25] as prolate-shaped droplets. However, because of the small-angle scattering technique's [24] limitation to recover only 2D shape projections and the overall weak scattering signal and small statistics in Ref. [25] the exact droplet dimensions could not be retrieved and the shape evolution could not be traced.
In this Letter we present a thorough quantitative three-dimensional characterization of the shapes of helium nanodroplets to capture the relationship between their shape and superfluidity. The combination of 3D sensitive scattering technique and a very large data set allows us to derive direct information on the droplet shape, such as all three axes a, b, c, and to follow the evolution of the droplets up to their stability limit. We find distinct asymmetric features in the wide-angle diffraction patterns that allow the unambiguous determination of the 3D shapes and the classification of the shapes by grouping them into five characteristic classes. Matching 3D scattering simulations to the experimental data enables a systematic comparison of our results to the shapes of classical rotating drops. Most importantly, our quantitative analysis shows that the features in the evolving shapes observed in our experiment agree with those found for classical droplets.
The experiment was performed at the LDM end station of the FERMI FEL-1 [26] [27] [28] . Helium nanodroplets were produced using a pulsed cluster source equipped with an Even-Lavie valve [29] that was cooled to T 0 = 5.4 ± 0.1 K and operated with a stagnation pressure of Our analysis comprises three stages: (i) a qualitative analysis of the whole data set (classification of the shapes using a neural-network-based image recognition approach, see Ref.
[30]
for details); (ii) a quantitative analysis of 20 selected patterns that allow exact determination of the droplet dimensions; (iii) the exclusion of metastable oblate shapes by analyzing all scattering images that exhibit asymmetric features.
The vast majority (92.9%) of the bright scattering images exhibit concentric rings, as displayed in Fig. 1(a) , while the remaining images show various pronounced deformations of the rings. Among those, we identify centrosymmetric patterns with either elliptical deformations of the rings or pronounced straight streaks, similar to the findings of previous work [21] .
However, in addition to such patterns, about 2.6% of our data show noncentrosymmetric features as depicted in Figs. 1(b)-1(e). These features range from directional asymmetries in the ring spacing to a pronounced bending of the pattern towards one side of the image. In particular, the asymmetry in the ring spacing can occur along one direction (e.g., from top to bottom), as exemplified in Fig. 1(b) , or along two directions (e.g., from top to bottom and from left to right), as exemplified in Fig. 1(c) . The latter situation is accompanied by a global curvature of the pattern towards one side that becomes most striking in the case of the strongly bent streaks [Figs. 1(d) and 1(e)]. Earlier work has shown that such deviations from point symmetry are a clear indication of 3D information being encoded in the wide-angle diffraction patterns [20] : While small-angle scattering patterns only contain 2D structural information (density projected on a single plane normal to the optical axis), wide-angle scattering provides true 3D information as multiple projection planes contribute [20] .
In the following we establish the relation between particular shapes and the corresponding asymmetries in the diffraction patterns (Fig. 2) . We would like to emphasize that the relevant characteristic features allow for a clear distinction between oblate and prolate droplet shapes. In general, the spacing of the rings in the diffraction pattern is determined by the lengths of the droplet's principal semiaxes a, b and c; the longer the axes, the smaller the spacing. A spherical droplet with all axes being equal will lead to concentric circles in the diffraction pattern. For an oblate droplet (i.e., axisymmetric or biaxial, a = b > c) that is oriented with its short axis perpendicular to the FEL axis, the diffraction pattern shows concentric elliptical rings; see Fig. 2(a) . Rotating an oblate droplet out of the scattering plane, i.e., tilting the short principal semiaxis c by an angle γ, will lead to a noncentrosymmetric diffraction pattern [ Fig. 2(b) ]. In particular, the wider fringes in the upper part of the image result from a projection that dominantly reflects the short principal axis c. In turn, the narrower fringes in the lower part of the image describe the longer principal semiaxis b. Consequently, the deformation and orientation of the particle are encoded in the ring spacing within the image [see dotted line in Fig. 2(b) ]. The asymmetry of the ring spacing is maximal for γ = 45
• . Finally, Fig. 2(c) shows a triaxial prolate droplet (a > b > c). Tilting the long principal semiaxis a out of the scattering plane by an angle α leads to a distinct crescentlike distortion of the elliptic ring features to one side of the scattering image [cf.
the dotted line in Fig. 2 (c) as a guide to the eye]. When further increasing the length of the principal semiaxis a, the diffraction pattern will eventually show the pronounced streaks which are also bent given that α > 0.
The above considerations demonstrate that the asymmetric features can be understood and associated with distinct shape parameters. However, in contrast to the case of hard x-ray small-angle scattering, where the 2D projection of the particle's electron density distribution can be uniquely reconstructed from the diffraction pattern via iterative phase retrieval algorithms [17, 22, 31] , there is so far no rigorous reconstruction algorithm available for wideangle scattering. We therefore employ a simple parametrized shape model for the droplets and compute wide-angle diffraction patterns that are iteratively matched to the recorded images in a forward-fitting procedure. In particular, we consider a structure consisting of two ellipsoidal caps and a hyperboloidal centerpiece, controlled by five input parameters, and calculate the corresponding wide-angle diffraction patterns with a generalized version of the multislice Fourier transform algorithm in Ref. [20] . The accuracy of the fit-based shape retrieval is limited by the information content and quality of the scattering image data (e.g., due to the maximal recorded scattering angle Θ max = 30
• , an inhomogeneous detector sensitivity, and detector saturation effects). As particle tilt angles near γ = 45
• lead to the strongest directional asymmetries in the fringe spacing and thus to the highest sensitivity of the retrieval procedure for droplet deformation, we selected these optimally on the shapes of spinning superfluid droplets [13] . Two classes of droplet shapes were predicted, one containing vortices and a second class of vortex-free configurations. For aspect ratios a/c > 1.5, Ancilotto and co-workers [13] find that the shapes of both classes resemble the classical droplet model, but for a/c < 1.5 (i.e., low angular momenta), the vortex-free superfluid droplets differ from the classical model. Our data are in good agreement with classical shapes and therefore with the shapes of droplets containing vortices. These results suggest that the presence of vortices is the reason why the shapes of superfluid spinning droplets follow those of classical droplets [13] .
The results of our analysis and the recent theory work point to fundamental questions on the nature and evolution of the normal liquid to superfluid phase transition of helium nanodroplets during formation. When expanded from the normal liquid phase, one could imagine a nonsuperfluid helium nanodroplet to first gain rotational energy, following the equilibrium shape of a classically rotating drop, and then undergo the transition to a superfluid as soon as the droplet temperature drops below the λ line at a later stage of the liquid jet expansion.
The exact time of the phase boundary crossing may depend on the nozzle geometry, pressure and temperature of the helium, and maybe even on the type of source used (continuous or pulsed). For example, a 3D sensitive experiment with the source of Ref. [24] would be needed to verify if the occurrence of metastable shapes is related to the droplet preparation process. We assume that the transition to the superfluid phase triggers the formation of vortices. Because of conservation of angular momentum, the phase transition is presumably accompanied by a change of droplet shape [13] . Therefore, it would be very interesting to further investigate the dynamics of the phase transition. Using the new two-color capabilities at FEL facilities [32] , one could imagine simultaneously recording the 3D shape with a long wavelength (extreme ultraviolet) pulse as well as the vortex array structure of a prolate superfluid droplet with a short-wavelength (x-ray) pulse.
To summarize, we have observed the shape deformations of spinning helium nanodroplets and followed the complete evolution from oblate to prolate shapes by exploiting the 3D structure information contained in single-shot wide-angle scattering data. All observed droplet geometries are in surprisingly good agreement with the shapes of classically rotating droplets obtained from numerical simulations [6] with only small deviations in the transition regime from oblate to prolate shapes (i.e., a/c ≈ 1.5). These small deviations could be an indication for different vortex configurations inside the droplets [13] . While the underlying physics should be clarified in follow-up work, we note that the qualitative trend of our data is fully compatible with the classical picture and in strong contrast to previously reported metastable oblate shapes [21, 24] . The proposed metastable "wheel-shaped" quantum droplets [21] are not observed. Further, the shapes are in good agreement with recently predicted shapes for spinning superfluid droplets containing vortices [13] . Finally, for small angular momenta, we have presently no evidence for the realization of the shapes predicted 8 for droplets that do not contain vortices [13] . We believe that our results stimulate the presently very active field of research on strongly correlated, liquidlike quantum systems, which cover an enormous range of densities from Bose-Einstein condensed particles, as in recently suggested dark matter superfluidity [33, 34] , to dipolar gases [35] , liquid drops and nuclear matter, as in neutron stars [36, 37] .
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